Bragg gratings in silicon-on-insulator waveguides by focused ion beam milling
We report Bragg grating structures fabricated by focused ion beam milling in optical waveguides, and demonstrate that they can be used as a powerful diagnostic of optical modes in very high index waveguides. We show that higher-order lossy modes, which can be present in large numbers even in single-moded silicon-on-insulator waveguides, can dramatically affect the optical transmission spectra of Bragg gratings in these waveguides, even though these modes are normally not observable. Silicon-on-insulator (SOI) waveguides have been of significant interest since the early 1990s, 1 as a candidate for low loss, very high index waveguides in the near infrared region, with the added attraction of being compatible with many standard silicon fabrication processes. They have also played a major role in the recent explosion of one-dimensional and two-dimensional photonic band gap structures. 2 However, silicon's large refractive index also poses a number of challenges, such as the ability to realize narrow spectral width Bragg gratings, of interest for WDM filters as well as for nonlinear optical pulse propagation. 3 Indeed, narrow spectral width gratings in high index waveguides have been reported only recently, 4,5 fabricated with electron-beam lithography, whereas Bragg gratings in silica waveguides have been investigated longer. 6 In this letter we demonstrate the feasibility of using focused ion beam (FIB) milling, a direct-write alternative technique to e-beam lithography, to fabricate Bragg gratings in optical waveguides, in the form of surface relief gratings in SOI rib waveguides. While FIB milling is a powerful technique that has been used for a range of applications such as surface diffractive 7 and mode conversion structures 8 in high index materials, it has not been used to fabricate Bragg gratings in optical waveguides. Further, we show that these gratings can be used as a powerful diagnostic of waveguide modes in high index waveguides that can contain a large number of very high order lossy modes even though they are theoretically single-moded. 1 We demonstrate, both theoretically and experimentally, that these higher order modes (HOM) can have a dramatic effect on the Bragg grating spectra, even though they are normally not observed because they are lossy and because of the difficulty of coupling into them. While their loss is usually large enough to minimize their impact on mode propagation over centimeters, it is low enough to allow significant coupling over the grating lengths of hundreds of microns reported here. Their influence on the Bragg grating spectrum is further amplified because their overlap with the thin surface relief grating is much higher than the fundamental mode. Our results raise significant implications for grating design in SOI waveguides, both in challenges to reduce higher mode peaks, but also opportunities in the form of higher order mode converters-potentially to much higher order modes than what is typical in fiber. 9 Our waveguides ( 10 to 18 min per grating and the exposure was uniform along the grating profile, yielding an unapodized grating. The field size for this work was 600ϫ 600 m so the gratings were about half the field size in order to limit the beam distortion. Figure 2 shows an image taken with the FIB of a grating similar to the one used for the measurements reported here, which was not imaged to prevent FIB damage. Figure 3 shows the transmission spectra over a wide spectral range from 1300 to 1700 nm, obtained using a broadband (unpolarized) light emitting diode (LED) source and optical spectrum analyzer. These results are striking for the large number of peaks extending over a very wide wavelength range indicating the presence of up to 20 very high order lossy modes. Their strength was not expected, nor was the near absence of the fundamental Bragg peak near 1660 nm or even peaks coupling to the first few higher order modes. Clearly these results are in dramatic contrast to Bragg gratings in silica fiber as well as waveguides, where the fundamental Bragg peak dominates higher order cladding mode peaks. 5, 9 To understand these results we performed theoretical calculations, also shown in Fig. 3 , using the beam propagation method (BPM), extending earlier work in microstructured optical fiber, 10 the details of which will be presented elsewhere. Figure 3 shows the BPM results for the peak wavelengths and relative grating strengths ͑͒ indicating excellent agreement with experiment for the Bragg wavelengths (except for some of the very highest order peaks) and general agreement for the strengths, including the near absence of the fundamental Bragg peak near 1660 nm. Figure 4(a) shows the transmission spectra of one of the strong dips near 1550 nm for both TE and TM polarizations, while Fig.4(b) shows it's spatial profile (from theory) indicating it's very high order character. While the TE/TM shift due to birefringence is very small ͑Ͻ0.2 nm͒, the TM grating strength of 12 dB is significantly stronger than the TE ͑6 dB͒, indicating a larger overlap of the grating with the TM mode. A uniform grating of ϳ12 dB corresponds to a L ϳ 2.1 or =63 cm −1 for L = 330 m, which should have a spectral width of ϳ1.3 nm. The 6 nm observed is likely due to grating chirp induced by FIB distortion across the field and is subject to further investigation. Agreement with the experimental grating strengths was achieved by assuming a corrugation depth of about 40 nm, whereas atomic force microscopy measurements revealed a corrugation depth of less than 10 nm. This probably indicates that a significant part of the grating index modulation is due to a combination of Ga + doping and implantation damage rather than bulk material removal, and is subject to further investigation.
Our results show that, whether they are lossy or guiding, HOM have a significant effect on Bragg grating spectra, and imply that practical devices based on the fundamental Bragg peak would need to minimize their effect. While this can be done by using smaller waveguide dimensions than those reported here, to completely eliminate their effect one would need to employ silicon "nanowires"-truly single mode SOI waveguides on the order of 300 nmϫ 300 nm. 11 . Alternatively, one can enhance the fundamental Bragg peak by using grating profiles such as deep narrow holes to improve the overlap with the fundamental mode relative to higher order modes. FIB milling is an ideal candidate to achieve these profiles, as well as controlling the grating strength for apodization and more complex grating designs. On the other hand, our results also raise the interesting possibility for high order mode devices similar to what has been reported in fiber, 9 with the potential to couple to much higher order (albeit lossy) modes.
In conclusion, we demonstrate Bragg gratings fabricated by FIB milling in optical waveguides, and show that these can be used as a powerful diagnostic of modes in very high index waveguides. We find that lossy higher order modes in single-moded SOI waveguides can in fact dominate the spectrum of shallow surface relief Bragg gratings. Whilst this presents a challenge for some practical grating devices, it also raises the interesting possibility of waveguide converters to extremely high order modes.
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